19 CRISPR-Cas systems provide archaea and bacteria with adaptive immunity against 20 invasive genetic elements through acquisition of invader-derived spacers. De novo 21
spacer acquisition generally adapts spacers from both invaders and hosts with a bias 22 towards invaders, while primed acquisition shows higher specificity to adapt spacers 23 from invaders. Here, in Zymomonas mobilis subtype I-F system, primed acquisition 24 showed much higher efficiency than de novo acquisition in this system. However, 25
both routes recognised a large proportion of protospacers with the less conserved 5´-26 end CC PAM. Moreover, primed acquisition showed a preference towards 27 protospacers located at the opposite strand and 3´ direction of the priming protospacer 28 sites, differing from the canonical subtype I-F system. Further, self-spacers were 29 adapted at a higher frequency during de novo spacer acquisition, probably leading to 30 self-interference. Importantly, this species employed microhomology-mediated end-31 joining (MMEJ) for repair of host DNA breaks guided by self-targeted spacers, and 32 overexpression of a host NAD + -dependent Ligase-A significantly increased the repair 33 efficiency. In summary, our findings demonstrate that Z. mobilis uses primed 34 acquisition for higher specific uptake of invader DNA and employs MMEJ to repair 35 host DNA breaks guided by self-targeted spacers, showing specific immunity against 36 invasive genetic elements. 37
38
CRISPR-Cas systems, consisting of CRISPR arrays containing identical repeats 39 separated by unique spacers and associated cas genes, defend Bacteria and Archaea 40 against invasive plasmids and viruses 1-3 . CRISPR-Cas adaptive immunity occurs in 41 three stages: acquisition of de novo spacers, crRNA biogenesis, and nucleic acid 42 targeting and cleavage 2,4 . CRISPR-Cas systems acquire DNA fragments of invading 43 nucleic acids (prespacers) and integrate them into CRISPR arrays as spacers, thus 44 forming hereditable immunological memory 5 . DNA motifs in invasive genetic 45 elements, or in CRISPR loci, play crucial roles in the spacer-acquisition process. For 46 example, the protospacer-adjacent motif (PAM) associated with protospacers 6-10 and 47 the leader-repeat junction 10, 11 have been found to direct spacer acquisition in different 48 CRISPR-Cas systems. Recently, it was found that CRISPR spacer acquisition requires 49 genome-stability proteins 12,13 as well as trans-and cis-acting factors that maintain 50 integration specificity 14, 15 . In a de novo spacer acquisition assay, E. coli subtype I-E 51 Cas1 and Cas2 have been found to be required 10, [16] [17] [18] . Furthermore, the target DNA 52
interference complex is required in the primed spacer acquisition process, which is 53 triggered by a pre-existing spacer matching the target DNA 16,17,19-21 . 54 Discrimination of self and non-self DNA is crucial for immunity. CRISPR-Cas 55 systems have developed diverse mechanisms to avoid autoimmunity, including a 56 PAM requirement for target interference 22,23 . However, because de novo spacer 57 acquisition adapts new spacers from host genomic DNA 9,24 , avoiding host DNA 58 sampling at the CRISPR spacer acquisition stage is more important. E. coli has 59 developed a strategy to limit prespacer supply from the host through Chi site-assisted 60 reduction of DNA resection in its genome 25 . Further, primed adaptation allows cells 61 to effectively counter viruses and plasmids that escape CRISPR interference 16,26-28 , 62 leading to highly efficient acquisition of new cis-located spacers of the protospacer of 63 the invading genetic elements with mutations 7, 21, 29, 30 mobilis employs primed spacer acquisition for specific uptake of invader DNA and 77 utilizes the MMEJ system to maintain genome stability after self DNA interference. 78 79
Results 80
Identification of leaders and PAM variants for primed spacer acquisition 81
Z. mobilis ZM4 encodes a subtype I-F CRISPR-Cas system, including three CRISPR 82 arrays and an adaptation and a DNA interference modules ( Fig. 1a ). Here, we 83 investigated the effect of leader sequences and PAM variants on primed acquisition in 84 Z. mobilis. Plasmids constructed with "NN-S1" cassettes were transformed into Z. 85 mobilis ZM4mrr (Fig. 1b) . The NC or CN PAM (N = A, T or G) of the priming 86 protospacer (PPS) triggered strong spacer acquisition at CRISPR locus 1 (C1), while 87 no new spacer was detected in the negative control sample carrying the empty vector 88 pZM15Asp. However, CC PAM, which conferred strong DNA interference (Fig. 89 S1) 34 , triggered weak acquisition ( Fig. 1c ), due to a single nucleotide mutation at CC 90 PAM (CC to CT) or protospacer sequence, or a deletion of the 3´ portion of the PPS 91 on the plasmid. In contrast, other NN combinations could not trigger strong primed 92 spacer acquisition ( Fig. 1c ). Further, CRISPR locus 2 and 3 showed similar 93 acquisition patterns to locus 1, indicating that the leader sequences were all functional 94 ( Fig. 1c ). However, acquisition efficiency at locus 2 and 3 were weaker than locus 1 95 ( Fig. 2d ), demonstrating the leader sequence variations had an effect on primed spacer 96 acquisition ( Fig. S2 ). Moreover, by extending the culture time, expanded bands on the 97 gel representing new spacers became more apparent than the parental bands ( Fig. 1d ), 98 and TT, GT, and TG PAM sequences triggered primed acquisition at 5 ( Fig. 1d ), 10, 99
and 15 days ( Fig. S3 ), respectively, suggesting NT or TN PAMs, in addition to CN or 100 NC PAMs, had the ability to promote priming. 101
Self-discrimination and PAM recognition in de novo and primed spacer 102 acquisition 103
Cells carrying pEZ15Asp, pAC-S1, and pTT-S1 ( Fig. 2a ) were cultured for 5 days to 104 analyse acquisition efficiency. Plasmid pEZ15Asp didn't induce detectable 105 acquisition, even with the extended cultivation time or the presence/absence of 106 antibiotics (Fig. 2b) . The pCC-S1 construct showed strong primed acquisition in ± 107
antibiotic medium with the extended culture ( Fig. 2b) . The pTT-S1 plasmid only 108 induced moderate acquisition in antibiotic-free medium (Fig. 2b ). The expanded 109 bands of day 1 antibiotic-free cultures were purified and analysed by high-throughput 110
sequencing. The efficiencies of de novo spacer acquisition and pTT-S1 induced 111 primed acquisition were ~0.04% and ~4.70% of the pAC-S1 induced primed 112 acquisition ( Fig. 2c ). Most of the new spacers (>99%) were adapted from plasmid 113 DNA in pAC-S1 and pTT-S1 primed acquisition, while only ~80% of new spacers 114
were adapted from plasmid DNA in pEZ15Asp-induced de novo spacer acquisition 115 ( Fig. 2c ), indicating more efficient self-discrimination during primed acquisition than 116 de novo acquisition in the Z. mobilis subtype I-F system. 117
Further, all constructs recognised protospacers with a high proportion of non-118 canonical CC PAM. Approximately 50% of protospacers identified during de novo 119 acquisition had NC/CN PAM sequences, while ~20% from both primed acquisition 120 experiments had NC or CN PAMs ( Fig. 2d ), which is discordant with other studies on 121 subtype I-F systems reporting that primed protospacers strictly required canonical 122 PAM sequences 33, 35 . Protospacers with NC or CN PAMs could probably be 123 recognised at the canonical CC PAM but were acquired by sliding with -2, -1, +1, or 124 +2 nucleotides related to CC PAM ( Fig. 2e and f), confirming that acquisition of these 125
protospacer was initiated at a canonical CC PAM but not a random PAM. 126
Identification of seed sequence for DNA interference and primed acquisition 127
Systematic transversion substitution was introduced at each nucleotide of the 128 protospacer in the pCC-S1 construct ( Fig. 3a ). Single-nucleotide mutations at 129 nucleotides 1-5 and 7 (partially) rescued transformation efficiency (Fig. 3b ), 130
indicating that these nucleotides acted as the seed sequence for CRISPR interference. 131
Single colonies of these transformants were isolated, and sequencing results revealed 132 no additional mutations at the PAM or protospacer sequences. However, designed 133 mutations at this region triggered moderate primed spacer acquisition ( Fig. 3c ). 134
Mutations at nucleotides 6 and 8-16 had no effect on CRISPR interference (Fig. 3b ). 135
From isolated mutant colonies, plasmids in some cells showed additional mutations at 136 the PAM or protospacer sequences, resulting in weak primed acquisition, while the 137 intact plasmid in construct M14 induced strong primed acquisition ( Fig. 3c ). 138
Further, mutations at the region from 17-29 nucleotides were found to partially 139 rescue transformation efficiency (Fig. 3b ). Most single colonies of these 140 transformants showed additional mutations at the protospacer sequence on the 141 plasmid, and weak primed acquisition was found ( Fig. 3c ). Nucleotides 30-32 were 142 not essential for interference ( Fig. 3b ). However, only two single colonies were 143 isolated for M30, and the intact plasmid in these two colonies showed the strongest 144 primed acquisition efficiency ( Fig. 3c ). 145 146
Priming protospacer determines location and strand biases of new acquisitions 147
New spacers were visualised by mapping their cognate protospacer locations on the 148 plasmids ( Fig. 4 ). Protospacer mapping was remarkably consistent across the 149 replicates for the colonies carrying pEZ15Asp, pAC+ and pAC-plasmids ( Fig. S4 ). In 150 the de novo acquisition experiment (colonies carrying pEZ15Asp), protospacer 151 hotspots were identified near the origin for plasmid replication in Z. mobilis, however, 152
another hotspot was identified at the negative strand on the antibiotic-resistance gene 153 in two replicates ( Fig. S4a ). Primed spacer acquisitions showed distinct patterns for 154 protospacer distributions related to the PPSs ( Fig. 4a and b ). A significant protospacer 155 peak was found on the same stand of PPS around the priming sites ( Fig. 4a and b ). On 156 the scale of whole plasmid DNA, primed spacer acquisition showed preference for the 157 paired strand related to the location of the PPSs ( Fig. 4c and d ) and showed 158 preference for the 3´ regions of both DNA strands related to the location the PPS ( Fig.  159 4c and e). 160 161
Microhomology-mediated end-joining of self-targeted DNA breaks 162
To study the host cell to escape targeting guided by adapted self-spacers, we 163 constructed self-interference plasmids carrying mini-CRISPR cassette encoding 164 spacers matching a non-essential gene (Zmo0346) and an putative essential 165 folylpolyglutamate synthase gene (Zmo0582) (Fig. 5a ). Transformation efficiency of 166 pCC-S1 was very low, since this plasmid was targeted by the host CRISPR complex 167 guided by the CRISPR locus 1-derived spacer (Fig. 5b) . Similarly, transformation 168 efficiency of the pS0582 plasmid, which encoded a spacer matching a protospacer on 169 the putative essential gene Zmo0582, was low, indicating that the Z. mobilis CRISPR-170 6 Cas system cleaved its genomic DNA, leading to cell death without (or with 171 inefficient) DNA damage repair ( Fig. 5b) . Surprisingly, transformation efficiency of 172 the pS0346 plasmid, encoding a spacer matching a protospacer on the non-essential 173 gene Zmo0346, was much higher than that of pS0582 ( Fig. 5b ). This result suggested 174 CRISPR RNA-guided DNA double strand break probably was repaired by some 175 mechanism with very high efficiency. 176
To explain the phenomenon, dozens of single colonies transformed with pS0346 177 and pS0582 plasmids were selected, and the target gene loci were PCR-amplified for 178
sequencing. Different deletion mutations or point mutations were identified at the 179
Zmo0346 gene ( Fig. 5c ) and Zmo0582 gene loci (Fig. 5d ). For the essential gene 180
Zmo0582, most mutations occurred at the CC PAM or the seed sequence of the 181 protospacer ( Fig. 5d ), leading to host escape of self-interference. For the non-essential 182
Zmo0346 gene, deletion regions covering the protospacer were identified, leading to 183 escape of CRISPR interference (Fig. 5c ). Deletions at the Zmo0346 gene locus were 184 different in length (63-531 bp); however, short direct repeats, 6-10 bp in length, 185
flanking the deletion regions were identified ( Fig. 5c ). Similar result was also found 186
for the experiments designed to target other genes. For example, self-targeting at 187
Zmo1062 gene resulted in ~75% randomly selected colonies was repaired with 188 deletion mutations covering the target site ( Fig. S5 ). We also sequenced the plasmids 189 from the single colonies transformed with the pCC-S1 plasmid and found point 190 mutations at the PAM sequence (20%) or deletion mutations at the protospacer 191 sequence (~10%). Analysis of the deletion mutations on the plasmid found a 5-bp 192 direct repeat adjacent to the deletion region ( Fig. 5e ), indicating that CRISPR 193 interference at both genomic and plasmid loci induced microhomology-dependent 194 end-joinning (MMEJ), resulting in deletion mutations. 195
We further studied whether the replicative NAD + -dependent Ligase-A (LigA) 196 was involved in MMEJ. Overexpression ligA gene on the plasmid reduced the 197 transformation efficiency ( Fig. S6 ), suggesting cytotoxicity. Further, the ligA gene 198 was overexpressed on the pS0346 self-interference plasmid (pS0346OEligA), and its 199 end-joining efficiency was assessed. Transformants carrying the control plasmid 200 pEZ15Asp showed normal (large) colonies on the antibiotic plates; however, 201 transformants carrying the self-interference plasmid pS0346 showed many small 202 colonies and few normal colonies (Fig. 5f ). PCR analysis indicated that ~46% of the 203 random selected colonies transformed with pS0346 showed MMEJ repair at the 204 Zmo0346 locus (Fig. 5g ). All transformants carrying the pS0346OEligA plasmid 205
formed large colonies on the plates, similar to the control plasmid pEZ15Asp (Fig.  206 5f). PCR analysis indicated that ~60% of the randomly selected colonies 207
overexpressing LigA showed MMEJ repair at the Zmo0346 locus. However, only 208 ~10% of the normal colonies carrying pS0346 interference plasmid were MMEJ 209 repaired (Fig. 5g) , indicating that ligA overexpression increased efficiency of MMEJ 210
repair of the self-targeted DNA break. 211 212
Discussion

213
Diversity of primed acquisition in different CRISPR subtypes 214
Primed spacer acquisition has been studied in different CRISPR-Cas subtypes 215 7, 16, 20, 21, 36 . In Z. mobilis subtype I-F system, more than 50% of PAM mutations 216 promoted primed spacer acquisition (Fig. 1C and Fig. S2 mobilis subtype I-F system, only ~77% of identified protospacers had a canonical CC 226 PAM (Fig. 2d ). Further analysis of nearby sequences of protospacers with less 227 canonical PAM, a ±2 nt regions showed identity with CC PAM, indicating a slipped 228 PAM recognition pattern as reported previously 33, 36 , but occurring at a higher 229 frequency. These slipped-acquired spacers might guide the CRISPR surveillance 230 complex to recognise the NC or CN PAM ( Fig. 2e ), therefore triggering a second-231 round priming. 232
Priming acquired new spacers close to the PPS, and the protospacer distribution 233 of most subtypes was strand-and direction-biased 38 . Previous studies demonstrated 234 that subtypes I-B, I-C, and I-E showed biases towards the acquisition of new spacers 235 from the same strand as the PPS 17,30,36 ; however, the P. atrosepticum subtype I-F 236 system acquired spacers almost equally from both strands 21, 33 . Here, priming in Z. 237 mobilis subtype I-F system was biased towards acquired new spacers from the paired 238 strand of the PPS on the whole plasmid DNA level (Fig. 4d ), opposite to other 239 systems. However, priming highly preferred the same strand around the PPS regions 240 in Z. mobilis subtype I-F system ( Fig. 4a and b) . Regarding directional bias, the P. 241
atrosepticum subtype I-F system showed a priming bias towards the 5´ direction 33 . In 242 contrast, in Z. mobilis subtype I-F system, priming was biased towards the 3´ 243 direction of the PPS site ( Fig. 4e) , similar to the I-B, I-C, and I-E systems 38 . 244
Asymmetric protospacer distribution was generally found in our priming experiments 245 ( Fig. 5b-d) , similar to the P. atrosepticum subtype I-F system 33 . Protospacers that 246 mapped near the PPS site showed clustering. However, a high density of protospacers 247 at the far 3´ region of PPS was detected ( Fig. 4b and c) , opposite of the I-F system 248 21, 33 , but similar to I-B, I-C, and II-A systems 38 . 249
Primed acquisition and MMEJ cooperate to avoid self-targeting 250
In this study, we found primed spacer acquisition was much more robust than de novo 251 acquisition (Fig. 2b) , showing greater specificity to invasive DNA (Fig. 2c ). 252
However, the pre-existing spacers required de novo acquisition for "first step" 253 integration (Fig. 6) . While, similar to other systems, de novo acquisition adapted a 254 large proportion of spacers from the host genomic DNA in our system (Fig. 2c ), 255
possibly resulting in self-targeting (Fig. 6 ). In Z. mobilis, transformation of self-256 targeting plasmids still resulted in a relatively high transformation efficiency (Fig.  257  5b) . Further analysis of the target locus of transformants revealed that the MMEJ 258 pathway was involved in repair of the host DNA DSBs, rescuing the targeted host 259 cells ( Fig. 5c and Fig. 6 ). The MMEJ pathway is an error-prone repair process, 260
resulting in deletion of target regions covering the protospacer site (Fig. 5c ) 39 and 261 finally avoiding self-targeting. Therefore, Z. mobilis developed primed acquisition 262
and robust DNA repair systems to promote specific CRIPSR immunity against 263 invasive genetic elements and avoid self-targeting ( Fig. 6 ).
264
MMEJ also repair the targeted plasmid DNA (Fig. 5b) . Although very few single 265 colonies were isolated, ~10% of these single colonies were found carrying a short 266 deletion (27 bp) at the protospacer and its flanking region (Fig. 5e ). In the de novo 267 acquisition, protospacers on the invasive genetic elements formed a hotspot at the 268 replication origin (Fig. 4a ) 25 , while most protospacers from the host genomic DNA 269
were located on non-essential genes (Table S3 ). Therefore, MMEJ-mediated deletion 270 of protospacers flanking the Zmo origin would probably hinder plasmid replication, 271 while deletion of non-essential genes was nonlethal for the cells. 272
Error-prone repair systems contributing to avoid CRISPR self-targeting could be 273 widespread in bacteria. For example, the non-homologous end-joining (NHEJ) 274 pathway is co-present with the CRISPR-Cas system in some bacterial species 40,41 . 275 However, the NHEJ system has no effect on CRISPR immunity when both NHEJ 276 genes and CRISPR-Cas subtype II Construction of plasmids 302
The PAM variable challenging (or priming) plasmids were constructed by cloning the 303 "NN-S1" (NN = any nucleotide, S1 = the first spacer of CRISPR locus 1 of Z. mobilis 304 ZM4) oligonucleotides into the shuttle vector pEZ15Asp at EcoRI/XbaI restriction 305 sites, resulting in 16 (4 2 ) challenging plasmids. The seed sequence variable priming 306 plasmids were constructed by introduction of a transversion substitution at each 307 nucleotide of the "Spacer 1" of the plasmid (pCC-S1) carrying the "CC-Spacer 1" 308 cassette. The interference plasmids carrying the expression cassette of "Repeat-309 Spacer-Repeat" against genomic loci, Zmo0346 and Zmo0582 genes, were 310 constructed by cloning the 32-bp sequences following a CC PAM on these gene 311 coding sequences into the pEZ15Asp vector under control of the cas1 gene promoter 312 (Pcas1), resulting in interference plasmid pS0346 and pS0582. Zmo0364 (ligA gene) 313 overexpression plasmids were constructed by cloning the Zmo0364 open reading 314 frame under control of the Zmo0367 promoter 45 into pEZ15Asp or the interference 315 plasmid pS0346. 316 317
PCR amplification of the leader-proximal CRISPR regions 318 Z. mobilis strains harbouring an empty vector (pEZ15Asp) or the challenging 319 (priming) plasmids were cultured in 10 mL of RM medium at 37°C without shaking 320
for one day or passaged daily for 15 days by transferring 100 µL cell culture to 10 mL 321 fresh medium with or without antibiotics. Samples of each culture (0.1 mL) were 322 taken at a desired time point, and total DNA from these cells was used as the PCR 323 template. The leader-proximal regions of three CRISPR loci or only CRISPR locus 1 324 were amplified by PCR using Taq polymerase and the forward/reverse primer sets 325 (Table S1 ) for locus 1, 2, or 3, respectively. PCR products were separated on a 1.5% 326 agarose gel and visualised by ethidium bromide staining. 327
328
High-throughput sequencing and bioinformatics analysis 329
Three single colonies of each transformant were selected from the plate and 330 inoculated in RM medium for growth. Genomic DNA was extracted from each 331 enlarged culture of these single colonies and used for amplification of the leader-332 proximal region of CRISPR locus 1. Sequencing was carried out as described 333 previously 46 . Using the BLASTN program against pEZ15Asp plasmid or pEZ15Asp 334 carrying PPS or the Z. mobilis ZM4 genome sequence 47 , the protospacer sequences 335
were identified for new integrated spacers. The 2-bp sequence at the 5΄-end of each 336 protospacer was considered as the PAM region. Perl scripts were run to analyse the 337 protospacers. All high-throughput sequencing reads have been deposited into the SRA 338 database with the accession number PRJNA579098. The protospacer locations of the 339 newly acquired spacers in the CRISRP locus from de novo acquisition or primed 340 acquisition were mapped on pEZ15Asp and the priming plasmids pAC-SS1(+) and 341 pAC-S1(-) (pAC+ and pAC-for short), respectively, using a sliding 150 nt binning 342 window, as described previously 33 . 343 344
References 345 in Z. mobilis ZM4. Three CRISPR arrays (C1, C2, and C3) were indicated. b, 493
Schematic of the primed spacer acquisition assay. The plasmids carrying a 494 protospacer matching spacer 1 of CRISPR locus 1 adjacent to different PAMs (NN, N 495 = A, T, C or G) were transformed into Z. mobilis ZM4mrr. Three single colonies of 496 each transformants were selected and cultured for 1 day in RM medium. The cas 497 genes are indicated in grey arrows, repeats are indicated in black squares, and spacers 498 are indicated by diamonds. c, Detection of spacer acquisition at three CRISPR loci 499 (C1, C2, and C3) on 1.5% agarose gels. Each colony of transformant was cultured in 500 liquid medium for 1 day and used for amplification of the leader proximal regions. 501
The parental and expanded bands are indicated. These data represent three 502 independent spacer acquisition analyses for each construct. d, cells used for 503 amplification of the leader proximal region of CRISPR locus 1 were cultured in the 504 same medium without antibiotics for 5days. For the extended culture, 1% cells were 505 transferred into fresh medium daily. Red arrows indicate newly expanded bands 506 identified after extended culture. Each gel is a representative of three repeated 507 experiments using three independent single colonies for each construct. 508 509
Figure 2. Comparison of de novo and primed spacer acquisition. a, Schematic of 510 de novo and primed spacer acquisition assay. The empty plasmid (pEZ15Asp) or 511 plasmid carrying protospacers matching a pre-existing spacer 1 of CRISPR locus 1 512 adjacent to two atypical PAM sequences (AC and TT) were transformed into Z. 513 mobilis ZM4mrr. b, Detection of spacer acquisition at CRISPR locus 1 of Z. mobilis 514 transformants cultured in medium with or without antibiotics on 1.5% agarose gels. 515
Each gel is a representative of three repeated experiments using three independent 516 single colonies for each construct. c, The PCR-amplified leader-proximal region 517 containing newly adapted spacers was analysed by high-throughput sequencing, and 518 the data are summarised. Data were collected from three independent colonies of each 519 transformant (two independent colonies for pEZ15Asp transformant). d, analysis of 520 the PAM sequences of protospacers identified in the high-throughput sequencing. e, 521 schematic representation of slipping, which results in capture of spacers that map to 522 non-canonical PAMs. Spacer sequence is indicated by black letters, and 5´-end CC 523 PAM is indicated by (specify symbol/identifier here). f, frequency of slipping events 524 observed in each dataset. Others indicated that 5´-end of protospacer was >2 nt from 525 the CC PAM. 526 527 Figure 3 . Seed sequence of the protospacer for DNA interference and primed 528 spacer acquisition. a, Protospacer sequence matching spacer 1 of CRISPR locus 1 529 with a 5´-CC PAM was cloned into pEZ15Asp vector. A single transversion 530 substitution was introduced at each nucleotide. b, each plasmid mutant was 531 transformed into Z. mobilis ZM4mrr, and transformation efficiencies related to the 532 pEZ15Asp plasmid are shown. c, Detection of spacer acquisition at CRISPR locus 1 533 on 1.5% agarose gels. Each colony of transformants was cultured in liquid medium 534 for 1 day and used for amplification of the leader proximal regions. The parental and 535 expanded bands are indicated. These data represent three independent spacer 536 acquisition analyses for each construct. 537 538 Figure 4 . Protospacer distribution reveals biased spacer incorporation. The 539 protospacer locations were mapped on a, pAC+, and b, pAC-plasmids using a sliding 540 150 nt binning window. Protospacers on the plus and minus strand are indicated by 541 blue and orange, respectively. PAM distributions in a sliding 150 nt binning window 542 are indicated by black lines. The position of priming protospacer (PPS) in pAC+ and 543 pAC-plasmids is indicated with a red dash line and arrows. Plasmid-encoded genes 544
and cis acting elements are indicated by arrows. c, Proportion of protospacers 545 distribution at the 5´ and 3´ of the PPS on each strand. PPS is indicated by a red dash 546 line, and the direction is indicated by a red arrow. Blue and orange squares indicate 547 the plus and minus strands, respectively. d, proportion of protospacers present on each 548 strand. Blue and orange squares indicate the plus and minus strands, respectively. e, 549
Proportion of protospacers distribution at the 5´ and 3´ of the PPS on both strands. 550
Data shown represent mean ± SD for the different three (for pAC+) or two (for pAC-) 551 independent transformants of each plasmid. 552 553 Figure 5 . Microhomology-mediated end-joining repair of self-targeted DNA. a, 554 schematic of self-targeting assay. Self-targeting plasmids carrying "Repeat-Spacer-555
Repeat" expression cassettes, in which the spacer matches to the Zmo0346 or 556
Zmo0582 gene, were transformed into Z. mobilis ZM4mrr. The challenging plasmid 557 pCC_PS1 in Figure 1 was used as the control. b, transformation efficiency of the 558 empty plasmid, self-targeting plasmids, and challenging plasmid. c, d, and e, locations 559 of mutations at the genomic Zmo0346, Zmo0582 genes, and protospacer on the 560 plasmid in the randomly selected single colonies carrying pS0346, pS0582, or pCC-561 S1 plasmids. Protospacer location is indicated by a blue bar for each gene. Grey bars 562 indicate sequenced regions, and white bars indicate deletion regions. Direct repeat 563 sequences flanking the deletion regions are indicated upon the bars. For the Zmo0582 564 gene, PAM is indicated by an arrow, and a point mutation within the protospacer is 565 indicated by a red bar. Deletion or mutation sites, related to the gene start codon for c 566 or the first nucleotide of the protospacer for d and e, are indicated at the right of each 567 graph. f, single colonies of Z. mobilis transformed with pEZ15Asp, pS0346, and 568 pS0346OEligA plasmids on the plates. Normal and tiny colonies were indicated by 569 arrows. MMEJ repair rates at Zmo0346 gene locus of randomly selected single 570 colonies (g), or randomly selected normal colonies (h) carrying pS0346 or 571 pS0346OEligA plasmids. The significance of the MMEJ efficiency was determined 572
suing a t-test; p<0.01 **. 573 574
Figure 6. Proposed model for CRISPR immunity against invasive genetic 575 elements in Z. mobilis subtype I-F system. De novo spacer acquisition samples 576 spacers from both invasive genetic elements and host DNA. Non-self DNA sampling 577 leads to CRIPSR interference of invasive genetic elements or escape of CRISPR 578
interference. Escape triggers primed acquisition, finally leading to interference and 579 clearance of invasive (non-self) genetic elements. Host self DNA sampling leads to 580 interference of self DNA, resulting in cell death. However, MMEJ repairs the self-581 spacer-guided DNA DSBs, resulting in cell survival and genomic alterations. The 582
width of the arrows indicates the probabilities. Red arrows indicate threats to the host, 583
and green arrows indicate immunity against the invasive genetic elements. 584 585
